1 A short overview of the formation methods of the biofilm with high exoelectrogens activity, which includes alternate partial and complete changes of culture medium, was done in the article. The influence of adaptation processes on electric current generation during the exoelectrogens biofilm formation was analyzed. The article also describes the reasons of sharp current variation, which appeared after nutrient medium changes.
Introduction
The performance of current generation in microbial fuel cells (MFC) primarily depends on activity of the exoelectrogenic microorganisms that oxidize organic matter and transfer electrons to the anode.
A wide range of substrates, such as wastewater, activated sludge, sediment [1, 2] , soil [3] and others are used to isolate exoelectrogenes, because these substrates include associations of microbes, belonging to different genera. Analysis of the anode biofilms, formed using these sources of inoculum, show a wide variety of bacteria in anodophillic consortia, but they also have weak bioelectrochemical activity [1] . Firstly, it may deal with the presence of a large number of not-exoelectrogenic microorganisms in anodic biofilm. Electron generating communities may be operationally difficult and even have a wide phylogenetical diversity, but only microorganisms, that completely oxidize organic matter, can significantly influence the electricity generation process [4] . Logan and Regan [5] reported that anodophillic consortia in MFC can be sustainable only if the biofilm is enriched through transfer and selection.
Specific conditions, which will provide the primary growing of exoelectrogenes, should be created during the biofilm formation process to remove microorganisms, which don't have exoelectrogenical ability. Thus, the biofilm formation process is very important, and the efficiency of microbial fuel cells operation, in many cases, depends on successful realization of this process.
The biofilm formation process is often carried out through cyclic inoculum and nutrient substrate feeding to the reactor [6] . The cycle usually ends, when exoelectrogenes have metabolized all the substrates. New portion of inoculum and substrate should be added to the pre-cleaned and sterilized reactor at the end of each cycle. The process is controlled by measuring the electrical current or voltage, generated by microorganisms in MFC [7] . When MFC reach a stable value of the measured parameter (electrical current, voltage) during several consecutive cycles, the process of biofilm formation is considered to be complete. Often, the second stage of biofilm formation process is performed. Two-stage biofilm formation method includes several cyclic inoculations during the first stage, followed by the enrichment of formed biofilm, which includes substrate adding without inoculum introduction [7] [8] [9] .
Sometimes, continuously flow reactors are used [10] . This mode provides a continuous supply of fresh inoculum and substrate, and constant removing of cultural solution from the reactor.
Since many exoelectrogenic microorganisms, found in MFC, are metal-reduction bacteria, a method of expressing biofilm formation was developed. This method includes the stage of cultivation on the medium, containing crystalline iron oxide [1] . The initial biofilm was grown on MFC anode and then collected from the anode of the MEC and used as the inoculum for the enrichment procedure. Fe(III) oxide should be provided to the growing medium as the electron acceptor.
After cultivation on the medium with Fe(III) oxide, microorganisms, which are able to iron oxidization, can be isolated and then transferred to the MFC reactor.
Among the microorganisms that are typically isolated from exoelectrogenical active biofilms, which were formed using anaerobic activated sludge, such families as Geobacteraceae, Desulfuromonaceae, Alteromonadaceae, Enterobacteriaceae, Pasteurellaceae, Clostridiaceae, Aeromonadaceae and Comamonadaceae are often encounter [12, 13] . Gammaproteobacteria, Betaproteobacteria, Rhizobiales have also the exoelectrogenical ability. Under thermophilic conditions Thermincola carboxydophila, Deferribacter ferribacter, Coprothermobacter sp. have also the mentioned properties [12] .
It is important to note, that exoelectrogennical phenomenon is observed in both cases: when we use pure culture of microorganisms (monoculture) and when we use the associations of microorgnism, belonging to different genera.
According to researches [12, 14, 15] , the biofilm which consists of a mixed culture of microorganisms, generates greater current density than the biofilm, formed from pure culture, during consumption of complex substrates (for example, wastewater).
This can be explained as follows: most of exoelectrogens can consume a limited range of substrates [16] . The oxidation of wastewater requires a diverse microbial group, members of which will be able to consume all substances present in the mixture and transform them into the form, suitable for consumption by exoelectrogens. But one of the most important factors, during the work with mixed cultures is regulation of the amount of microorganisms, which don't have exoelectrogenical activity. These microorganisms can block the access of exoelectrogens to the anode and, thus, the amount of electrons that microbial cells can transfer to the anode, decreases as well as the overall performance of the system.
The aim of this work is to study the influence of alternate partial and complete changes of culture medium on the process of exoelectrogenes-rich biofilm formation on the MFC anode.
Experimental

Materials and Methods
Microbial fuel cell reactor consisted of two polypropylene chambers, which were connected by salt bridge. The volume of each chamber was 1000 cm 3 . The solution in the anodic chamber was purged with argon to displace dissolved oxygen from the solution before running the reactor.
Anaerobic activated sludge from water treatment station "Kyivvodocanal" was used as inoculum. MFC was operated at ambient temperature of 302±1 K.
Experimental Technique
The anode chamber was filled with a phosphate buffer solution with the addition of vitamins and mineral components solutions and the sodium acetate, as a substrate. Anaerobic activated sludge was added as an inoculum. The anodic solution before starting MFC (chamber volume 1000 cm 3 ) contained: phosphate buffer solution -500 cm cultivation the voltage reached 200 mV, and then began to subside probably due to the decrease of the substrate in the chamber. On the ninth day of cultivation, a complete replacement of the nutrient medium with adding of new batch of inoculum was done. Compositions of anodic and cathode solution were the same, as in the case of starting. Maximum voltage was 340 mV in the beginning (first peak) and then reached 248 mV during the cycle.
The partial replacement of cultural medium means the replacement of 500 cm 3 
The voltage increased to 230 mV within a short time after adding fresh inoculum and nutrient substrate. On the thirty-second day of biofilm formation the voltage decreased below the initial level of this cycle, this was associated with the depletion of the substrate in the anode solution, so a complete replacement of the anodic solution was made with introducing a new portion of the substrate.
The anodic chamber was filled with phosphate buffer solution with the addition of substrate solution, vitamins, mineral components and anaerobic activated sludge as inoculum. Resistance in the outer circle was changed to 100 Ω.
The voltage, generated by MFC, started growing and reached 453 mV in a half of hour, after complete replacement of nutrient medium. The voltage decreased to 217 mV on the thirty-sixth day of the experiment, and slowly decreased to 163 mV on the thirty-ninth day. Next partial replacement of the substrate was performed on the fortieth day of cultivation, according to previous recipe, after that the voltage increased to 240 mV in the first peak and set at 220 mV in the second part of the cycle.
Results and Discussion
Electrical Activity Analysis
According to the obtained values of voltage, the current generated in MFC was calculated. The changes of the current, as a function of the duration of biofilm formation process, are presented ( Fig. 1) for electrochemically active microbial population. It follows from the graph, that the slight current generation at the initial stage of the biofilm formation indicated that microbial biofilm development was weak. Such weak microbial biofilm development actually corresponds to the initial stage. The current reached 200 μA in the middle of the cycle and then began to decline. Complete change of anode solution promoted the generation of current with two peaks during the cycle. The first peak -340 μA -appeared directly after anode solution replacement and the second peak -248 μA was on the nineteenth day of cultivation.
After the partial replacement of culture medium and adding fresh inoculum, a rapid increase in current strength was observed. Then the current began to rise slowly, reaching a maximum value of 194 μA and then decreased. After complete replacement of nutrient medium the current increased sharply and reached a maximum value of 453 μA. But after that the current rapidly decreased, with its following slow growth to a level of 217 μA and subsequent decline. The next partial replacement of culture medium led to another gradual current increase to 220 μA. complete replacement of cultural medium; partial replacement of cultural medium 2 We assume that a rapid current increase after replacement or partial replacement of culture medium and adding fresh portions of inoculum is associated with the following factors:
-the addition of the fresh substrate leads to the increase in the rate of metabolism in a biofilm formed on the anode; -the addition of the fresh inoculum increases the number of exoelectrogenic microorganisms in the anodic solution;
-the manipulation with the anodic solution leads to the increase of the mass transfer intensity in the chamber.
The subsequent rapid decline of the current generation that followed the rapid increase, was probably associated with the decrease of a suspended microbial biomass number, due to sedimentation phenomena and inhibition of microorganisms, introduced with a new portion of inoculum, because of adaptation to the new conditions of existence. Actually, electrons, which are transferred to the anode by exoelectrogens immediately after MFC inoculation, are electrons derived from the metabolism of substances. These substances were consumed prior to transfer of microorganisms to the reactor, and hence, prior to the adaptation process beginning. This explains the fact that the most significant increase in the value of the current was observed after complete replacement of the solution in the anode chamber. It should be also noted, that current increase was lower after the complete replacement of nutrient medium, compared the partial replacement of the medium. It may be associated with the existence of suspended microorganisms from the previous stage of biofilm formation, which do not require adaptation, in the anode chamber, directly after the partial replacement of the medium.
The adaptation of microorganisms to the reactor conditions is quite a difficult process. Consequently, the partial replacement of the anodic solution facilitates the process of adaptation for microorganisms. Microorganisms that have been presented in the reactor for some time before the partial replacement of the anodic solution, are able to maintain the MFC voltage directly after the MFC restart that simplifies selective adaptation for exoelectrogens but not for other microorganisms.
The biofilm development on the anode during the process of exoelectrogens biofilm formation is characterized by a constant increase of the current generation. At the initial stage of biofilm formation, when we constantly add fresh inoculum, the current generation number is unstable because of exclusion significant quantity of suspended (adapted) microorganisms via complete or partial replacement of medium.
The gradual current decrease occurred at the end of each cycle, whether substrate was fully or partially replaced, may be due to the depletion of the substrate and thus reducing the load on the activated sludge, accumulation of metabolic products and the weakening process of mass transfer.
Microscopic Analysis of Anode Biofilm
Microorganisms, which have exoelectrogenic ability, belong to different genera, so identification in the anodofilic consortium requires special methods (biochemical analysis, polymerase chain reaction). Microscopic analysis of anode biofilm shows the general features of the biofilm. Main characteristics of typical microorganisms, which are often found in electroactive biofilms are given in Table. At the beginning of the experiment, significant activity of methanogenic microorganisms (we found significant gas overpressure in the chamber) was observed in the anode chamber, but after several days of cultivation activity decreased.
Microscopic analysis of biofilm sample (gram straining), scraped from the anode showed the formation of biofilm closely associated with anode fibers. Single anode fibers, covered with different thickness biofilm layer are shown on Fig. 2a, b . Gram staining of biofilm revealed the presence of large amount of gram-negative rod-shape cells and just some cells are gram-positive.
When using immersion system (magnification of 270х) we can recognize the shape of cells, which are present in the greatest quantity (Fig. 2c, d) . So, gramnegative bacilli are mostly presented in the biofilm. The electrical activity and gram staining of the biofilm suggest the presence of the most common electroactive microorganism (Table) . Exact definition of bacterial form requires microbiological and biochemical analyses.
Conclusions
It has been observed in this study that during the process of biofilm formation the main factors that influence the biofilm development are: inoculum, the amount of added substrate, the conditions of the process.
The biofilm formation process, which includes alternately full and partial replacement of cultural medium, promotes faster biofilm development on MFC anode.
Observation of biofilm formation process suggests that fresh biomass, as that which was present in the solution before the partial replacement of culture medium, makes a significant influence on the power generating during biofilm formation process. That is why successful microbial biofilm development needs not only the presence of a high concentration of biomass and its constant renewal, but also regulation of the ratio of added biomass to the total volume of the anode chamber.
Investigation of electrochemical power generation by exoelectrogenic microorganisms confirms that the successful MFC operation requires the presence of microorganisms adapted to MFC conditions. These microorganisms have an ability to maintain the functioning of MFC, while fresh biomass is at the adaptation stage. The constant renovation of biomass is also equally important.
The main factors decelerating the biofilm formation process of microbial associations are the depletion of the substrate, the accumulation of metabolic products, reducing the concentration of active microbial biomass in the operation of the reactor.
The study of microorganisms from the anode surface and bioelectrochemical activity of formed biofilm (by measuring the voltage generated by bacteria) shows that the process promotes the formation of biofilm rich with exoelectrogens.
Observation of biofilm formation process, with alternate full and partial change of culture medium, suggests that fresh biomass, as well as that, which was presented in the solution, makes a significant influence on power generating during biofilm formation process. So, the process of biofilm formation with electroactive microorganisms is sensitive not only to the presence of a high biomass concentration, but also its constant renovation, and the number of value-added biomass to the total volume of the anode chamber.
